A pulsed master oscillator fiber power amplifier working in nanosecond range has been developed. An ytterbium-doped double-clad (large mode area) optical fiber was used as an amplifying medium. Actively Q-switched Nd:YVO laser was used as a seed of light pulses. The system worked at the repetition rate from 10 kHz to 40 kHz. At the amplifier output, pulses of 10.9 kW peak-power were achieved. The laser system worked at the slope efficiency of 30%.
Introduction
In recent years, the rapid progress of high-power rare-earth doped double-clad silica fiber lasers and amplifiers has made them interesting for high-power applications in science and industry in such areas as material processing, marking, printing technology, medicine, free space and satellite optical communications or in LIDAR (light detecting and ranging) and LIPS (laser induced plasma spectrometry) systems. This development has been caused by improvements in active optical fiber design and performance of high-power multi-emitter laser diodes.
Cladding pumped optical fibers allow the efficient conversion of multimode radiation from multi-stripe laser diodes into the single mode light of fiber lasers or amplifiers. Nowadays, in continuous wave (CW) regime ytterbiumdoped double-clad fibers are capable of delivering kW-level output laser beam characterized by very good quality [1, 2] . They are also characterized by excellent power conversion efficiency of over 80% and a broad tunability over several tens of nanometers [1] . The further power scaling of these devices is dependent on availability of power level of semiconductor diode pumps.
Fiber lasers also offer the possibility of producing pulses of light characterized by different time duration, energy, and repetition rate. Passive mode-locking permits obtaining femtosecond pulses with typical energy of nJ [3, 4] ; active mode-locked fiber lasers can deliver picosecond pulses at very high repetition rates, even over 40 GHz [5, 6] . Q-switching techniques permit producing nanosecond pulses at kHz-repetition rate and typical energy from couple of hundreds µJ to several mJ [7, 8] .
Such laser systems have many advantages over bulk glass lasers. They are more compact, lighter, more efficient and in many cases they do not need complicated water cooling which makes the whole laser system construction easier and cheaper.
Master oscillator fiber power amplifier a construction idea
During pulse generation there are some unfavourable effects that limit the use of fiber laser for this purpose. The pulse energy is defined by the energy stored in an active medium which is limited by amplified spontaneous emission (ASE) causing the glossing up of the active medium before losses off-switching starts and pulse generation begins. Additionally, relatively small core cross-section area is conducive to exceed the power density at which unfavourable nonlinear effects (stimulated Raman scattering, stimulated Brillouin scattering or self-phase modulation) occur. Moreover, during high-peak power pulses generation there is a high probability of fiber end-face facet damage due to the value overflow of the limiting power density per cross-section area unit of the active medium. The difficulty connected with the glossing up of an active medium in the form of optical fiber and a limited possibility of short pulses generation (resulting from the long length of the fiber resonator) can be overcome. For pulse producing, the active optical fibers should be used not as generators but as amplifiers [9, 10] . Such a solution has many advantages, among the most important ones are:
• pulse duration and repetition rate of the radiation can be defined in a seed-generator regardless of the fiber amplifier construction,
• in an amplifier stage there is no need to reach high gain coefficients, which limits ASE presence,
• in an amplifier there is no basic limitation concerning the active fiber length which permits achieving relatively high energies and high peak-powers of amplified pulses. The laser system realizing the conception mentioned above is called the MOFPA (master oscillator fiber power amplifier) system and is made up of a generator seeding pulses of light and an amplifier of these pulses. A seeding generator can be any pulsed diode-pumped solid state laser or even a semiconductor laser diode while a double-clad active optical fiber fulfils the role of an amplifying medium.
Difficulty in scaling pulse energy originates in the limited size of the fiber core and relatively long pulse propagation length. Increasing the size of the core appears to be one of the main directions of the technological advancement towards higher energies. In the context of this large mode area (LMA) fibers offer an excellent solution. In a LMA fiber construction, the core diameter was enlarged and simultaneously the difference between refractive index of core and inner clad was decreased. Such fibers make it possible to generate a basic TEM 00 mode, reduce ASE signal, rise power threshold of nonlinear effects appearance and fiber end-facet damage.
Experiment and results
The experimental pulsed MOFPA arrangement was realized according to the conception shown in Fig. 1 . The system consisted of the following main blocks:
• generator seeding ns pulses of light, • optical isolator, • fiber amplifier pumped by means of a laser diode, • coupling and separation systems of pump and amplifying beams. An actively Q-switched Nd:YVO laser generating at the wavelength of 1060 nm was used as a seed source. The laser worked at the repetition rate up to 40 kHz and by maximum pump power generated pulses from about 30 ns (for 40 kHz) to about 10 ns (for 10 kHz). It corresponded to average energy from 3.5 W (for 40 kHz) to 2.5 W (for 10 kHz). The 10-m long ytterbium-doped large mode area double-clad optical fiber was used as an amplifying medium. The fiber had the core diameter of 45 µm. It was coated with silicone rubber with diameter of 400 µm (D-letter shape). The NA of the inner clad to the core and the outer clad to the inner clad were 0.06 and 0.48, respectively. With the proper adjustment of the signal launch, about 70% of the incident pump power was launched into the inner clad. To stop lasing, both ends of the fiber were cut and precisely polished at the angle of 12°to fiber axis. A fiber pigtailed laser diode module HLU25FAC-940 (LIMO laser systems) delivering 25 W of CW power at the wavelength of 940 nm was used as a pump. It was equipped with 1.5 m-long transmitting fiber characterized by numerical aperture NA = 0.22 and core diameter of 400 µm. The laser diode was current-controlled by means of power supply system SDL 830 (spectra diode labs) and was cooled by water cooling system. To control the working temperature of the diode, a Peltier cell was applied. Pump radiation coming out of transmitting fiber, thanks to a shaping system (two AR-coated aspheric lenses marked in Fig. 1 as S1 and S2) was launched into the active optical fiber. To protect laser diode module from being destructed by laser light on this end, we used a dichroic mirror, which was highly transmittive for pump wavelength and highly reflective for laser wavelength. This mirror was twisted at an angle permitting taking out the amplified beam outside the system.
In MOFPA systems, where the gain is very high, the use of optical isolation is necessary. It prevents the excitation of a generator -amplifier line. The optical isolator applied in the experiment consisted of two identical Glan Opto-Electron. Rev. 15, no. 2, 2007 polarizers, the Faraday rotator (Liton Airton Synooptics), and the half-wave plate.
In the MOFPA system, developed time-energetic characteristics of amplified radiation were measured. Taking into consideration the transmission of pump launching system (82%) and the efficiency of pump power coupling (about 70%) it was possible to insert about 5 W into the fiber. For 10-m length of the fiber about 90% of the power was absorbed by the active dopant of the core. The maximum absorbed pump power equalled 4.6 W. The seed power of the Q-switched Nd:YVO laser was sufficient to saturate the amplifier, therefore the portion of ASE signal in the output was negligible in the range of repetition rate changes. Amplified pulse energy and average power for several different values of repetition rates versus absorbed pump power are shown in Figs. 2-5 . The character of the energetic curves obtained for different repetition rates was very similar. The energy of output pulses rose along with the rise of absorbed pump power. The input pulses characterized by lower energy were more amplified. Exemplary, 0.3-µJ and 167-ns pulses (for 40 kHz) were amplified over 45 times. The increase in input pulses energy caused the output pulses energy increase and at the same time these pulses were less amplified and the amplifier started to saturate. Pulses of 15-µJ energy and 11-ns time duration (at 10 kHz) were amplified to the energy of 120-µJ. In this case the pulse-peak power was 10.9 kW. There was no evidence of any power limitation due to nonlinear scattering. Time duration of output pulses was the same as the one of input pulses. Therefore, it confirms the thesis that active double-clad fibers are perfectly fit for the amplification of ns-pulses with suitably shaped time characteristics. In the experiment carried out, the active fiber was only pumped several watts of power. Using more powerful diode pump it could be possible to obtain pulses of considerably higher energy. Figure 6 shows the spectrum of amplified pulses for the maximum absorbed power, the repetition rate of 40 kHz and the output average power of 1.7 W. Additionally, in the same graph the emitted spectrum of the master oscillator at maximum power excitation was presented. In this case the spectral width (FWHM) of seeded pulses equalled 0.7 nm. We calculated that the ASE noise at the amplifier end represented the single per cent of the total output signal. In the range of pump power changes the bordering of amplified pulses spectrum was not observed.
The efficiency of an amplifier system can be defined as the ratio of output and input average power subtraction to absorbed pump power. For the given input signal and absorbed pump power and an amplifier working in saturation, its efficiency is constant. Taking into consideration pump radiation wavelength (940 nm) to amplifying signal wavelength (1064 nm) ratio, the theoretical maximum value of the system slope efficiency is 88%. In our case the slope efficiency with respect to the absorbed pump power ranged from 10% to 30% and strongly depended on the level of the input signal. The more energetic pulses were seeding, the higher system efficiency was achieved. The best solution is the case when the amplifier works in a state close to saturation that is when the amplifying pulse receives the whole energy stored in an active medium then the system efficiency is the highest. Not so high efficiency obtained most probably resulted from the inaccuracy of the LMA optical fiber applied.
Conclusions
In recent years, high-power fiber amplifiers constitute one of the most important research areas applied in laser technology permitting the construction of the efficient and stable laser light sources for technological, special, and medical applications. Thanks to their advantages that were emphasized in the introduction, nowadays they are the most dynamically developing group of laser devices.
In conclusion, the laboratory pulsed MOFPA system working in nanosecond regime was worked out. At the repetition rate of 10 kHz pulses of 11-ns time duration and 10.9 kW peak-power were achieved. The amplifier worked at the efficiency of 30%.
